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The coexistence of two kinds of cosmic-ray sidereal anisotropy was found by observations with underground
muon telescopes in the energy region (> ∼200 GeV) in 1995: one is the galactic anisotropy with a deﬁcit ﬂux
in the direction with right ascension αG = 12 hr and declination δG = 20◦. The other is the excess ﬂux from
the heliomagnetospheric tail direction (αT  6 hr) and would be produced on the heliotail boundary where it
is considered that the interaction between the galactic and solar magnetic ﬁelds could produce the cosmic-ray
acceleration. On the other hand, another anisotropy of helioboundary origin from the helionose direction (α  18
hr), being accompanied by the heliotail-in anisotropy, was found through the observations with neutron monitors
in the low energy region (∼20 GeV) in 2005. These observations, however, lack information in the mid-energy
region (20∼200 GeV). In order to bridge the absence of information, the cosmic-ray sidereal daily variations
in the energy regions (60∼100 GeV) have been derived from the observations with muon telescopes and ion
chambers on the ground in the period 1936–2003. It is shown that all the three anisotropies coexist in this energy
region and are subject to their respective solar modulations. On the basis of these modulations, the characteristics
of the anisotropies are determined through intercomparison with the observations in the high and low energy
regions.
Key words: Cosmic-ray sidereal anisotropy, heliomagnetosphere (HMS), boundary of HMS, polarity of HMS,
solar modulation.
1. Introduction
The galactic, helionose-in and heliotail-in anisotropies
of cosmic rays (called G-, H - and T -anisotropies or ex-
cess ﬂuxes) produce sidereal daily variations called G(t),
H(t) and T (t) with their maxima at ∼0, ∼18 and ∼6 hr re-
spectively. G(t) and T (t) were found through observations
with the underground muon telescopes at Hobart (median
energy Em = 184 GeV, geographic latitude λ = 43◦ S,
longitude φ = 147◦ E) and Sakashita (Em = 300 ∼ 400
GeV, λ = 36◦ N, φ = 138◦ E), while H(t) was found
together with T (t) from observations with neutron moni-
tors (Em  20 GeV) on the ground. Detailed progress re-
ports on the discovery of these anisotropies were presented
in several papers (Nagashima et al., 1995a, b, 1998, 2004,
2005, hereafter the latter three are called Refs. 1, 2 and
3 respectively). According to the reports in Refs. 2 and
3, the anisotropies are subject to solar modulation. G(t)
becomes smaller in the positive polarity state of the solar
magnetic ﬁeld at the north pole than in the negative state
and also becomes smaller in the active period of the so-
lar cycle than in the quiet period. On the contrary, T (t)
and H(t) do not show such a polarity dependence and be-
come larger in the active period than in the quiet period.
The simulation of solar modulation of a galactic anisotropy
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conﬁrmed the occurrence of the observed polarity depen-
dence as above and consequently denied the galactic origin
of T - and H -anisotropies (cf. Refs. 2 and 3). These non-
galactic anisotropies are considered to be produced by the
cosmic-ray acceleration on the nose and tail boundaries of
the heliomagnetosphere (hereafter called HMS). The accel-
eration is active and intense on the tail-end boundary sur-
face, especially in the high latitude region of the cylindrical
tail boundary surface, in comparison with that on the nose-
head boundary surface. In the present paper, which is the
fourth paper of the series of papers Refs. 1, 2 and 3, such
a qualitative nature of the anisotropies as above is recon-
ﬁrmed and, at the same time, more quantitative characteris-
tics of the anisotropies such as their energy spectrum and so
forth, are obtained from long-term observations of cosmic-
ray sidereal variations with 17 directional muon telescopes
and 5 ion chambers on the ground in cooperation with those
previously obtained by the neutron monitors and the under-
ground muon telescopes.
2. Analysis
Cosmic-ray data used for the present analysis are those
of multi-directional muon telescopes at Nagoya (λ = 35◦
N, φ = 137◦ E) and ion chambers at Godhavn (λ = 69◦
N, φ = 307◦ E), Yakutsk (λ = 62◦ N, φ = 130◦ E), Chel-
tenham (λ = 39◦ N, φ = 283◦ E), Huancayo (λ = 12◦
S, φ = 285◦ E) and Christchurch (λ = 44◦ S, φ = 173◦
E). The overall observation period at these stations ran
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Table 1. Characteristics of the cosmic-ray detectors.
Station and Center direction of viewing Median Counting Period and references.
detector Latitude Longitude energy rates
λc(deg.) φc (deg.) Em (GeV) 104 c/hr
Muon Telescope
Nagoya V 35 N 137 60 276 1971∼2003
N 65 N 137 66 125
S 5 N 137 64 123 Sekido et al., 1975,
E 30 N 172 67 120 Nagashima et al., 1978,
W 30 N 102 63 126 1981a, 1984, 1987.
NE 54 N 187 73 58 Fujii et al., 1990, 1993,
NW 54 N 87 68 62 1996, 2002.
SE 5 N 164 71 58
SW 5 N 110 67 60
N2 84 N 137 87 61
S2 14 S 137 85 60
E2 22 N 192 91 58
W2 22 N 82 84 62
N3 81 N 317 110 14
S3 29 S 137 111 18
E3 15 N 205 119 17
W3 15 N 69 110 18
Ion Chamber
Yakutsk (YAK) 62 N 130 67 1953∼1980
Shafer and Shafer, 1984.
Godhavn (GOD) 69 N 307 67 1936∼1959.
Cheltenham(CHE) 39 N 283 67 Lange and Forbush, 1948,
Huancayo(HUA) 12 S 285 67 1957.
Christchurch(CHR) 44 S 173 67 Beach and Forbush, 1961.
from 1936 to 2003. The characteristics of these detectors
are listed in Table 1. The sidereal daily variation i(t) of
each detector is derived every calendar year from those data
which do not contain incomplete solar daily variations nor
abnormally large ﬂuctuations such as GLE (Ground Level
Enhancement of cosmic rays). i(t) is inﬂuenced by the an-
nual variation (1 cycle/year) of the solar daily variation (365
cycles/year) connected with the orbital motion of the Earth
around the Sun. This inﬂuence is eliminated by the method
using the anti-sidereal daily variations (364 cycles/year),
(cf. Ref. 1). In the case of the ion chamber data, their long-
term drift is also eliminated.
In order to study the origin of the cosmic-ray anisotropy
responsible for the sidereal variation by means of its so-
lar modulation, i(t) is classiﬁed into four periods (Y =
AP, QP, AN and QN) in which A and Q express active and
quiet periods in the solar cycle divided as equally as possi-
ble in considering solar activity, whereas P and N are pe-
riods of the positive and negative polarity state of the solar
magnetic ﬁeld at the north pole quoted from Howard (1974)
and Solar Geophysical Data, U.S. Dept. of Commerce. The
combined periods in the above express ‘Active and Positive’
period, ‘Quiet and Positive’ period, and so forth. i(t) is
speciﬁed by i(X, Y, Z) in which Z is the observation year
and X is the abbreviation of the detector or station name
in Table 1 or ‘MUON’ and ‘ION’ of the muon telescope
and the ion chamber. The average of i(X, Y, Z)s in Y pe-
riod is expressed as I (X, Y ). The variation averaged over
all the periods is expressed as I (X, ALL), and in the case
of no speciﬁcation of X required, it is expressed as I (t) or
I (t, Y ). The expression for I (X, Y ) is applied to G(t), T (t)
and H(t) in the speciﬁed period.
The sidereal daily variation is connected with the sidereal
anisotropy just outside the geomagnetosphere (GMS) by the
so-called coupling coefﬁcient which depends on the energy
spectrum of the anisotropy, and the cosmic-ray deﬂection
in GMS and attenuation in the atmosphere (cf. Yasue et
al., 1982; Fujimoto et al., 1984, the latter is called Ref. 4
hereafter). By using the coupling coefﬁcients, the sidereal
anisotropy is derived inversely from the observed sidereal
daily variations.
3. Sidereal Daily Variation
Figure 1 shows latitude dependences of I (X, ALL)s of
the muon telescopes (X = MUON) and the ion chambers
(X = ION). I (MUON, ALL)s on the left-hand column show
a clear peak at ∼6 hr, which expresses T (t) produced by T -
anisotropy. The peak accompanies a small hump on the left
side whose physical meaning will be clariﬁed later. With
the increase of Northern latitude, the peak and hump are de-
generated into a single broad peak at ∼6 hr. In the case of
the variations of the ion chambers on the right side, I (CHE,
ALL) at λ = 39◦ N has the typical peak and hump similar
to those of I (V, ALL) on the left side. In the equatorial re-
gion, however, I (HUA, ALL) does not show a sharp peak
like I (S2, ALL) on the left. This would be due to the blunt-
ing of the peak caused by the wide spread of geomagnetic
deﬂections of cosmic rays with different energies, which
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Fig. 1. Latitude dependence of cosmic-ray sidereal daily variations I (X,
ALL)s of muon telescopes on the left column and ion chambers on
the right in ‘ALL’ period. The 24-hour variation is repeatedly plotted
so as to extend for a 2-day period. The viewing directions (λc) of
detectors and the median energy (Em) of cosmic rays are attached to
each variation, (cf. Table 1).
is especially remarkable at Huancayo (Inoue et al., 1983).
At Southern high latitudes, I (CHR, ALL) shows the mini-
mum at ∼18 hr where the hump is observed in the North-
ern Hemisphere. This means that I (CHR, ALL) contains
only T (t). Although this variation does not show a sharp
peak characteristic of the typical T (t), its sole existence is
consistent with that of the variation observed with the un-
derground muon-telescope at Hobart (λ = 43◦S), (Jacklyn,
1986). The disappearance of the hump in the Southern high
latitudes can be also inferred from the gradual decrease of
the hump of the muon component with the increase of the
Southern latitude (cf. Fig. 1). At Northern high latitudes, on
the other hand, I (GOD, ALL) and I (YAK, ALL) are differ-
ent in shape from I (N, ALL) and I (NW, ALL) of the muon
telescopes; the variation at Yakutsk has a peak at ∼20 hr
contrary to the peak (∼6 hr) of the muon telescopes, and
the variation at Godhavn does not show any clear peak. The
reason of such differences will be discussed later in relation
to the existence of G-anisotropy.
4. Solar Modulation
Sidereal daily variations are subject to solar modulation.
As an example of the modulation, I (S, ALL) of the muon
S-telescope in Fig. 1 is decomposed into I (S, Y )s in four
periods (Y = AP, QP, AN, QN), as shown in Fig. 2. I (S, AP)
shows a diurnal variation with an extremely large peak at
∼6 hr due to T -anisotropy, whereas I (S, Y = AP)s are very
small semidiurnal variations with the maxima at ∼6 and
∼18 hr. Such semidiurnal variations were not observed at
Sakashita underground station (cf. Refs. 1 and 2), and their
physical interpretation was left unsolved until H -anisotropy
from the direction of ∼18 hr was discovered by the recent
analysis of neutron monitor data (cf. Ref. 3). Owing to the
ﬁndings, the semidiurnal variation of I (X, Y = AP) can
be interpreted as being due to the superposition of yearly
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Fig. 2. Sidereal variations I (S, Y )s of S-telescope in Y = ALL
(1971–2003), AP (1971–’73, ’78, ’91–’93, ’99 - 2000), QP (1974–’77,
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Fig. 3. Yearly component variations i(S, Y, Z)s of I (S, Y ) in Y = AP and
QP.
variations i(X, Y, Z)s in Y = AP period, which contain
H(t) and/or T (t) produced by H - and/or T -anisotropies,
as follows. Fig. 3 shows all the yearly variations i(S, AP,
Z)s and i(S, QP, Z)s contained respectively in I (S, AP)
and I (S, QP) in Fig. 2. In QP period, all the variations
show one or two peaks at ∼6 and/or ∼18 hr which can be
regarded as being due to T (t) and/or H(t). In the case of
two peaks, the variations are generally small. This would


























Fig. 4. Occurrence frequency fY (α) of the right ascension α of the
direction of the anisotropy derived from the time of maximum of T (t)
and/or H(t) among i(X, Y, Z)s in Y = ALL, AP, QP and N , (see the
text).
be mainly due to the interaction between T (t) and H(t)
with the mutually opposite maximum phases. Therefore,
the true magnitude of each variation cannot be observed.
Even in the case of a single peak, the magnitude of the
variation might be reduced by the other variation submerged
beneath the bottom. Owing to the superposition of i(S,
QP, Z)s, their average I (S, QP) in Fig. 2 shows a very
small semidiurnal variation. On the other hand, almost
all i(S, AP, Z)s in Fig. 3 show a large single peak of T (t)
at ∼6 hr, indicating that AP period activates T (t) and/or
inactivates H(t). As mentioned in the Introduction, the
activation of T (t) in AP period was also observed with the
neutron monitors and the underground muon telescopes in
the low (∼20 GeV) and high (∼300 GeV) energy regions,
respectively. This phenomenon was considered to be due to
the arrival of cosmic rays being most severely accelerated
at the polar region (|λ|  0◦) of the cylindrical surface
of the heliotail boundary in active periods in the positive
polarity state (cf. Ref. 3). Incidentally, that the largest T (t)
represented by i(S, AP, 1992) and i(S, AP, 1993) in Fig. 3
is about 0.2% in magnitude which amounts to half the solar
diurnal variations of the S-telescope in the same periods.
If there were no interaction between T (t) and H(t), the
magnitude of T (t) would become much larger than 0.2%.
The right ascension (α) of the direction of T - and H -
anisotropies on the boundary of GMS can be approximately
inferred from the maximum time of T (t) and/or H(t) in
i(X, Y, Z) with the aid of the coupling coefﬁcient of an X -
telescope for an energy-independent cosmic-ray spectrum
(cf. Ref. 4). The occurrence frequency fY (α) of α in the Y
period is shown in Fig. 4, in which AN and QN periods are
integrated into the N period as the latter period contains
only four years. Although α is only roughly estimated
owing to the unknown energy spectrum, it is clear that
fY (α) in the Y period is separated into two groups f TY (α)
and f HY (α). f
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Fig. 5. I (X, Y )s in Y = QP and N period, whose distribution is arranged
so that adjoining variations are alike in shape as possible.
while f TQ P(α) is still somewhat greater than f
H
Q P(α). This
means that the P-period activates T -ﬂux (or anisotropy)
and/or inactivates H -ﬂux and, furthermore, the activation
of T -ﬂux is strongest in the A-period. On the contrary, the
N -period tends to activate H -ﬂux and/or inactivate T -ﬂux
as f HN (α) becomes larger than f
T
N (α). Such a polarity-state
dependence shows a good agreement with that observed
with the neutron monitors (cf. Ref. 3).
It is further noted that the criterion of the classiﬁcation
between A and Q periods is not deﬁnite. The present clas-
siﬁcation was made to obtain I (X, Y )s in Fig. 2 without
any information on yearly variations i(X, Y, Z)s in Fig. 3.
Nevertheless, the clear separation between i(S, AP, Z)s and
i(S, QP, Z)s happened to be obtained through the classiﬁ-
cation shown in the caption in Fig. 2. One can change the
criterion according to the behavior of i(X, Y, Z). It should
also be mentioned that in the present analysis the transition
from the positive to negative state or vice versa was deter-
mined by the polarity reversal of the solar magnetic ﬁeld at
the north pole. Strictly speaking, the time of the transition
should be delayed for the present analysis by about one year
or so, which is required for the pervasion of the information
of the reversal over whole region of HMS. But, the alter-
ation of the time would not affect the polarity dependence
of the sidereal variation in the present analysis so much.
5. Nose-in and Tail-in Anisotropies
The nature of H - and T -anisotropies is inferred from the
geographic latitude and longitude distributions of I (X, Y )s
or i(X, Y, Z)s of 17 muon telescopes in Y = AP, QP and
the N period. In Fig. 5, I (X, Y )s in Y = QP and N




















































Fig. 6. a). X -dependence of the difference Imax(X, Y ) between the
maximum values of H(t) and T (t) in I (X, Y ) in Y = QP and N .
b). Schematic representation of the latitude distributions of H(t) and
T (t) in the QP and N periods, which would produce Imax(X, Y )s in
Fig. 6(a). c). Distribution of Imax(X, N ) as a function of δ (X, Eeff =
65 GeV) which is the declination of the geomagnetic asymptotic orbital
direction of cosmic rays with the effective energy (Eeff) observed with
X -telescope.
periods are distributed so that neighboring variations are
alike in shape in order to facilitate the following discus-
sion. As can be seen in the ﬁgure, the semidiurnal varia-
tions of I (X, Y )s seem similar to each other at a glance,
but they show the following polarity-state (P or N ) depen-
dence. The difference Imax(X, Y ) between the maximum
values of H(X, Y ) and T (X, Y ) is negative in the Y = QP
period for all the X -telescopes, whereas it is positive in the
N period except for that of S3, S2, E3 and E2 telescopes
pointing toward the equatorial region or the Southern Hemi-
sphere, as shown in Fig. 6(a). Christchurch (λ = 44◦ S) and
Hobart (λ = 43◦ S) in the Southern Hemisphere also always
observe Imax(X, Y ) of negative value as H(X, Y ) is zero
in the region (cf. Fig. 1 and Jacklyn, 1986). Such a polar-
ity dependence of Imax(X, Y )s can be explained if H - and
T -anisotropies have, respectively, directions with positive
and negative declinations, i.e. δH > 0◦ and δT < 0◦, and
produce the polarity-dependent H(t) and T (t) as shown by
the schematic diagrams in Fig. 6(b). The declination (δH )
of H -anisotropy can be inferred from Imax(X, N )s on the
assumption that the anisotropy has a monochromatic energy
called the effective energy (Eeff). In this case, Imax(X, N )
is expressed on the boundary of GMS as a function of the
declination δ(X, Eeff) of the geomagnetic asymptotic or-
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Fig. 7. a). i(X, AP, 1991)s showing the rise and fall of H (X, AP, 1991) at
∼18 hr depending on X . b). Distribution of the magnitude of H (X, AP,
1991) as a function of δ (X, Eeff = 35 GeV), (cf. Fig. 6).
X -telescopes. δH is determined by choosing Eeff so that
Imax(X, N )s show a systematic distribution of δ(X, Eeff).
Fig. 6(c) shows that the best distribution is obtained by
Eeff = 65 GeV. As the maximum of the distribution is at
∼13◦, δH and Eeff of H -anisotropy are ∼13◦ and ∼65 GeV,
respectively. Practically, however, the energy spectrum is
not monochromatic but of the power-exponent type with the
exponent γ . Thus Imax(X, N ) is expressed as a function
of δ(X, γ ) derived from the coupling coefﬁcient for the X -
telescopes. Although the δ-distribution of Imax(X, N )s is
changed by this alteration, δH does not change so much for
any reasonable energy spectrum, because δ(SW, E) for the
SW-telescope, which observes the largest Imax in any case,
is conﬁned in a narrow range of 14◦∼17◦ in the wide energy
region (25∼150 GeV). In Fig. 7(a) another example is given
for the estimation of δH and Eeff of the H -anisotropy. In
these variations, H (X, AP, 1991) ﬁrst appears at X = E in
the equatorial region as a tiny protuberance at ∼18 hr, then
gradually increases toward the Northern regions and ﬁnally
reaches its maximum at X = W . Then δH can be estimated



















































































































































Fig. 8. a). Conﬁguration Cγ0 of the simulated ﬁrst harmonic vectors (amplitude r and phase φmax) of the sidereal variations of 17 muon telescopes
produced by the anisotropy from φ = 90◦ with the spectrum deﬁned by Eq. (1) with η0 = 1.0 for several γ0s. φ is measured clockwise from the top.
Each vector is indicated by a point at r(X) and φmax(X) with the label X and connected with neighboring points by solid or dashed line. b). Three
examples of observed conﬁguration C(Y, Z) of i(X, Y, Z) and C(Y ) of I (X, Y ). The magnitude η0 (double the amplitude r0), the power exponent
(γ0) and the right ascension (α0) of the direction of the estimated anisotropy is listed under the corresponding C(Y, Z).
by choosing Eeff so that the H (X, AP, 1991)s show a smooth
distribution of δ(X, Eeff). The best distribution is obtained
for Eeff  35 GeV. In Fig. 7(b) the peak appears at δ(W ,
35 GeV)=37◦. Therefore δH is considered to be ∼37◦, but
would vary in the range of 24◦ ∼ 41◦ for the same reason
as is mentioned in the treatment of the non-monochromatic
energy spectrum. In the present case, there is another uncer-
tainty for the estimation of δH . As can be seen in Fig. 7(b),
the peak of the distribution might be located at the interme-
diate of δ(W , 35 GeV) and δ(N , 35 GeV). Even if we take
the middle of these two points as the peak point, δH is 28◦
and included in the range mentioned above.
The above analyses were made in terms of the coexis-
tence of H(t) and T (t). If either one of these variations
dominates extremely over the other, the usual harmonic
analysis of the variations can be applied for the determi-
nation of the anisotropy with the energy spectrum given by
S0(E) = η0 · (E/10 GeV)γ0 . (1)
The harmonic dials in Fig. 8(a) show the ﬁrst harmonic vec-
tors with amplitude r and phase φmax (= 15◦ × tmax) of
the simulated variations produced by the anisotropy with
η0 = 1 from the direction (φ0) of 6 hr for the speciﬁed
γ0 (cf. Ref. 4). The phase is measured clockwise from a
0-hour axis (upward direction) to a 6-hour axis (rightward
direction). In order to emphasize the relative conﬁguration
Cγ0 of 17 vectors, each vector is indicated by a point at r(X)
and φmax(X) with the label X and connected with neighbor-
ing points by a solid or dashed line like a constellation in the
sky. Corresponding to Cγ0 , the observed conﬁguration is ex-
pressed as C(X, Y ) or C(Y ) and shown in Fig. 8(b). C(AP)
at the center is for I (X, AP)s whose shapes can be inferred
from I (S, AP) in Fig. 2. Although this variation contains the
unsuitable variations such as i(X, AP, 1972) for T (t) as can
be seen in Fig. 3, it does not affect C(AP) so much. C(AP,
1992) on the right side is for i(X, AP, 1992)s whose shapes
can be inferred from an example i(S, AP, 1992) in Fig. 3.
Although these variations belong to the AP group, C(AP,
1992) is clearly different from C(AP) at the center. C(AN,
1982) on the left is for i(X, AN, 1982)s which express ap-
proximately H(t). This conﬁguration indicates the hardest
spectrum among the three. The magnitude η0 (double the
amplitude r0 of the ﬁrst harmonic component), the power
exponent (γ0) and the right ascension (α0) of the direction
of the anisotropy are obtained by comparing C(Y, Z) with
Cγ0 , (cf. Ref. 4). The estimated anisotropy is listed under
the respective C(Y, Z)s. These results suggest that the spec-
tra of the anisotropies responsible for T (t) and H(t) are
variable in magnitude, hardness, and direction. The vari-
able direction is inferable also from the broad distribution
of α(Y ) in Fig. 4 or the dispersion of the peak of T (t) and
H(t) in Fig. 3. As H - and T -anisotropies are considered
to be produced by cosmic-ray acceleration on the bound-
ary surface of HMS, their magnitude, energy spectrum and
direction would be variable in time depending on the vari-
able location and strength of cosmic-ray acceleration on the
boundary. These anisotropies produce the averaged T (t)
and H(t) with their maxima at ∼6 and ∼18 hr, respectively.
The power exponent (γ0) of the averaged energy spectrum
of T -anisotropy would be ∼ −0.5 derived from I (X, AP)
in Fig. 8. The average spectrum of H -anisotropy is not cer-
tain as the isolated H(t)s are very small in number. This
spectrum will be discussed later by synthesizing all the in-
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Fig. 9. X -dependence of the difference Imin(X, Y | ∼0 hr) between
Imin(X, Y | ∼0 hr) andImin(X, Y | ∼12 hr) in Y = QP and N , (see the
text).
formation including those of the neutron monitors and the
underground muon telescopes in low and high energy re-
gions. It is noted that the present harmonic analysis cannot
determine the declination (δ) of the anisotropy because the
harmonic component of the second order for the represen-
tation of north-south asymmetric latitude distribution of the
variation is not taken into consideration owing to insufﬁ-
cient information of the variations in the Southern Hemi-
sphere.
6. Galactic Anisotropy
As pointed out previously, the semidiurnal variations in
QP and N periods in Fig. 5 express the coexisting states
of T (t) and H(t). The states in the two periods are not
identical: T (t) is dominant over the H(t) in QP period
and vice versa in the N period (cf. Figs. 5 and 6). In ad-
dition to this difference, there is another difference between
them. As can be seen in Fig. 5, the minimum value Imin(X,
QP | ∼0 hr) of I (X, QP) in the midnight zone is equal to
or deeper than Imin(X, QP | ∼12 hr) in the midday zone.
In N -period, on the contrary, Imin(X, N | ∼0 hr) is shal-
lower than Imin(X, N | ∼12 hr) for X = E3, S3, E2 and
so forth, whose viewing directions are in the equatorial re-
gion. The difference Imin(X, Y ) between Imin(X, Y | ∼0
hr) and Imin(X, Y | ∼12 hr) in the two periods is shown in
Fig. 9. The positive value of Imin in N period might be
produced by the shifts of the two peaks of T (t) and H(t)
toward the midnight zone due to the directional change of
anisotropies. However, if this shift were to be produced, all
the telescopes must observe a positive Imin. This is against
the observation that the positive value can be observed only
by the telescopes with the comparatively high median en-
ergies (Em) and with the viewing direction toward low lat-
itudes. Such a phenomenon could be produced by an addi-
tional variation U (t) superposed on T (t) and H(t). U (t)
would have a hard energy spectrum and a plateau with its
center and sink at ∼0 and ∼12 hr respectively and might be
identiﬁable with G(t). If such is the case, no appearance
of the positive Imin in the QP period would be consid-
ered to be reasonable as G(t) would not be observed in the
positive polarity state owing to the severe solar modulation
(cf. Ref. 3). In order to verify this assumption, an attempt
is made to extract G(t) from I (X, N ) by taking the differ-
ence I (X, N−QP) between I (X, N ) and I (X, QP) in Fig. 5,
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Fig. 10. a). The difference I (X, N−QP) between I (X, N ) and I (X, QP)
in Fig. 5 is shown on the left-hand side, with C(X, N-QP) of the ﬁrst
harmonic vectors of I (X, N−QP)s at the bottom left-hand corner. b).
The average I (X, N6) of i(X, N , Z)s in 6 years (1981, ’83, ’84, ’87,
’88, ’89) on the right-hand side and C(N6) of I (X, N6)s at the bottom
right-hand corner.
ation similar to each other. Some I (X, N−QP)s are shown
in Fig. 10(a). aAs anticipated, two explicit peaks charac-
terizing T (t) and H(t) almost disappear in I (X, N−QP)s.
Among these variations, those for X = E3, S3, E2, S2
and so forth in low latitudes are characterized with nearly
horizontal plateau with its center at ∼0 hr and the sink at
∼12 hr. Other variations, however, show the plateau with
a declining slope toward late hours owing to the incom-
plete elimination of H(t) at ∼18 hr. In order to exam-
ine the characteristics of I (X, N−QP)s, their conﬁguration
C(N−QP) is shown in Fig. 10(a). C(N−QP) is clearly dif-
ferent from the Cγ0 ’s of a single anisotropy in Fig. 8 and
seems rather chaotic at a glance. However, the following
characteristic relation between vectors can be seen: (1) E-,
E2- and E3- vectors show phase lags behind the V -vector
in opposition to the order of the longitudinal viewing di-
rections of the eastward (E , E2, E3) and the vertical tele-
scopes, while (2) S3- and S2-vectors also have phase lags
behind the W 3- and W 2-vectors. Such phase lags cannot
be seen in the Cγ0 ’s in Fig. 8 and also cannot be realized
by any combination of two kinds of conﬁguration produced
by the anisotropies with different amplitudes from differ-
ent directions, unless their energy spectra are quite differ-





















Fig. 11. The conﬁguration of sidereal variation produced by two kinds
of anisotropy with the hard energy spectrum given by Eq. (2) with
ηU = 0.02, γU = 0.5, EU = 200 GeV and φU = 0 hr and with the soft
spectrum given by Eq. (1) with η0 = 1.0, γ0 = −1.0 and φ0 = 18 hr.
ent in form from each other. Therefore, C(N−QP) suggests
the existence of U (t) with an extremely different spectrum
from the H(t)’s and denies the previous supposition that
Imin(X, N )s with positive values in Fig. 9 might be due to
the shifts of the two peaks of T (t) and H(t) toward mid-
night zone. Encouraged by this result, a search was made
to ﬁnd the yearly variation of plateau type. Such events
were found in 6 years of data (1981, ’83, ’84, ’87, ’88 and
’89) in the N -period only. Some of their averages called
I (X, N6)s are shown in Fig. 10(b). The variation of the
typical plateau type is observed with E3, E2 and S3 tele-
scopes at low latitudes and is gradually hidden under the
developing H(t) and/or T (t) with the increase of the North-
ern latitudes. C(N6) of the harmonic vectors of I (X, N6)s
is shown under Fig. 10(b). It has characteristics very similar
to those of C(N−QP) on the left-side. Attempts were made
by trial and error to simulate such a conﬁguration on the
assumption that two kinds of anisotropy from 18 and 0 hr
directions have the respective spectra of S0(E) with γ0 < 0
in Eq. (1) and SU (E) given by
SU (E) =
{
ηU (E/10 GeV)γU >0 for E ≥ EU ,
0 for E < EU .
(2)
In Fig. 11 there is an example of the simulation, bear-
ing the observed characteristic phase interrelationships ob-
tained under the conditions shown in the ﬁgure caption. On
the basis of the simulation, it is concluded that C(N−QP)
and C(N6) in Fig. 10 are produced by U (t) with a hard
energy spectrum superposed on H(t) and/or T (t) with the
soft spectrum. As U (t) is the plateau-type variation with the
minimum at ∼12 hr produced by an anisotropy with a hard
spectrum, it could be regarded as G(t) which is observed
only in the negative polarity state and has a magnitude of
0.05∼0.06% for X = E3 and S3. The absence of G(t) in
the positive state in the low energy region is due to severe
solar modulation (cf. Refs. 2 and 3).
It is emphasized that G(t) can also be observed at God-
havn (λ = 69◦ N, φ = 307◦, 1939–1959) and Yakutsk
(λ = 62◦ N, φ = 130◦, 1953–1980) in and close to the
Arctic Circle, where T (t) and/or H(t) are considered to be
very small, especially in the N period. I (GOD, ALL) and
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Fig. 12. Sidereal variations I (GOD, Y), I (YAK, Y), I (NW, Y) and
I (N 3, Y ) in Northern high latitudes in the Y = P and N periods.
I (X, N ), respectively, as shown in Fig. 12. In spite of their
almost independent observation periods, the corresponding
variations at the two stations in Fig. 12 are almost the same,
indicating their universality. As I (GOD, N) and I (YAK, N)
in N period are plateau-type variations with the their cen-
ter and sink at ∼0 and ∼12 hr, respectively, they are con-
sidered to be produced by G-anisotropy. Furthermore, as
the ratio of their magnitudes (∼0.03%) at λION  65◦ N
in Fig. 12 to that (∼0.06%) of G(E3, N ) at λE3 = 15◦N
in Fig. 10 is ∼0.5 and nearly equal to the ratio (∼0.44) of
cos λION/ cos λE3 , the variations in high and low latitude re-
gions would be considered to be produced by a common
source. However, I (N 3, N ) and I (NW, N) in Fig. 12 ob-
served with the muon telescopes in close vicinity of the ion
chambers in latitude are different from G(t). Such disagree-
ment between the variations of the ion and muon groups is
due to the difference of their trajectories of the asymptotic
latitude λasy(X, E)s. As can be seen in Fig. 13, the tra-
jectories for the two groups lie almost in the same latitude
range in the high energy region but they are separated from
each other in the low energy region. On the other hand, as
pointed out previously, the G-anisotropy has a hard energy
spectrum and is observable only in the high energy region in
the Northern Hemisphere, whereas H - and T -anisotropies
have a soft spectrum and are observable only in the low en-
ergy region. As H(t) and T (t) would be observed mostly
in low latitudes in the N -period, the ion chambers can ob-
serve only G(t). On the other hand, the muon telescopes
observe not only G(t) but also H(t) and/or T (t). Owing
to their mutual interactions, the NW-telescope does not ob-
serve any signiﬁcant variations, while the N 3-telescope ob-
serves a small but somewhat signiﬁcant semidiurnal vari-
ation, as the energy region covered by its trajectory in low
latitudes is wider than that of the NW-telescope (cf. Fig. 13).
With the polarity reversal from an N to P state, G(t)
disappears and I (ION, P) in Fig. 12 shows the maximum
phase of ∼18 hr different from that (∼6 hr) of I (MUON,
P). This phase difference also could be explained with the
aid of the above trajectory difference as follows. According
to the previous analysis in Section 5, the declinations δH
and δT of H - and T -anisotropies are considered to be in














Fig. 13. Trajectories of asymptotic latitudes of cosmic rays for the four
detectors in Fig. 12.
the Northern and Southern Hemispheres, respectively (cf.
Fig. 6). As the trajectories at Godhavn and Yakutsk are
far away from the direction (δT ) of T -anisotropy, these
stations could observe only H(t) with its maximum at ∼18
hr. On the contrary, those detectors such as NW and N 3,
whose trajectories lie in lower latitudes, could observe the
superposed variation of H(t) and T (t) with its maximum
at ∼6 hr owing to the superiority of T (t) over H(t) in this
region (cf. Fig. 13). As above, the observations of the ion
chambers at high latitudes provide important information
not only about the galactic anisotropy but also about solar
modulation of the T - and H -anisotropies.
7. Discussion
Fig. 14 shows I (NM, Y)s, I (NAG, Y)s and I (SAK, Y)s
in the low (LO), middle (MI) and high (HI) energy re-
gions observed respectively by the neutron monitor (NM)
and the muon telescopes at Nagoya (NAG) and Sakashita
(SAK). These variations are presented in order to compare
their solar modulations in wide energy regions. For this pur-
pose, it would be preferable to use the component variations
T (X, Y )s, H(X, Y )s and G(X, Y )s contained in I (X, Y )s,
but it is difﬁcult to do so, because, although these compo-
nents were obtained for X = NM and SAK in Refs. 3 and 2,
they can hardly be separated from each other for X = NAG
except in the Y = AP period owing to their strong interac-
tion.
In ALL-period in Fig. 14, I (X, ALL)s in the three energy
regions change their shape depending on the relative con-
tribution of T (t), H(t) and G(t). A clear difference can
be seen in the location of the hump, which is on the left
side of the peak at ∼6 hr in HI- and MI-regions but on the
right side in LO-region. Consequently, the minimum of I (X,
ALL) appears at ∼12 hr in HI- and MI-regions, whereas it
is at ∼0 hr in LO-region, where the center of G(t) is ex-
pected to be found. In other words, the minimum of I (X,
ALL) at ∼12 hr (or ∼0 hr) indicates the existence (or nonex-
istence) of G(X, ALL). This criterion is applicable also to
I (X, Y )s in Y (= AP, QP, AN, QN) period except for I (NM,
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Fig. 14. I (X, Y )s in Y = ALL, AP, QP, AN and QN for X = NM (neutron
monitor, Em ∼ 20 GeV, cf. Ref. 3), NAG(Nagoya E2-telescope, Em ∼
192 GeV), and SAK(Sakashita S-telescope, Em ∼ 387 GeV, cf. Ref. 2).
The dotted curve at the upper left-hand corner is the magniﬁed I (NM,
ALL) by 4 times in order to emphasize the hump on the right-hand side
of the peak at ∼6 hr.
Y )s and I (NM, Y =AP)s satisfy the criterion, showing re-
spectively the existence and nonexistence of G(t). On the
other hand, as I (NAG, Y = AP)s have their minimum at ∼0
hr in the QP period and ∼12 hr in the AN and QN periods,
the criterion indicates the nonexistence of G(NAG, QP) and
the existence of G(NAG, AN) and G(NAG, QN), in good
agreement with the simulation of the polarity dependence
of G-anisotropy (cf. Refs. 2 and 3). In the above excep-
tional cases of I (NM, AP) and I (NAG, AP), the criterion
does not apply, since they do not contain any remarkable
hump.
As above, the hump of I (NM, ALL) in Fig. 14 contains
H(t) but does not contain G(t), on the other hand, that
of I (NAG, ALL) in MI region contains not only H(t) but
also G(t). In HI-energy region, however, it is not certain
whether the hump is due to only G(t) or the composite of
G(t) and H(t) for the following reason. Although H(t)
is not easily recognizable in the present form of the hump,
in the previous analysis when I (SAK, ALL) was separated
into G(t) and T (t) by a somewhat artiﬁcial method with
the aid of G(t) observed with the air showers (Em  2 ·104
GeV) at Mt. Norikura, H(t) as the by-product of the anal-
ysis happened to be narrowly silhouetted against the back-
ground noise of T (t), (cf. Ref. 1). Unfortunately, however,
H(t) was unknown until its discovery by the neutron mon-
itors in Ref. 3. For conﬁrmation of its existence in the HI-
region, further observation is necessary as the silhouetted




















Fig. 15. Energy dependence of T (X, AP) and T (X, ALL) for X = NM
(neutron monitor), NAG(Nagoya E2-telescope), SAK(Sakashita S- and
SW-telescopes) and HOB(Hobart, cf. Jacklyn, 1986); • and ◦: T (X, AP)
observed and expected, × : T (X, ALL) observed.
H(t) is not statistically very signiﬁcant in this energy re-
gion. Similarly, the existence of H(t) in the MI-region was
also unknown at that time. In the present analysis, the rel-
ative contribution of H(t) and G(t) to the hump in the MI-
region can be estimated as follows. The magnitude of G(t)
averaged for 6 years in Fig. 10(b) is about 0.06% in the
equatorial region. If G(t) would have appeared in those 6
years only, its contribution to the hump in the ALL period is
0.012% (= 0.06 × 6 years/29 years). This value would give
the lowest limit of G(t, ALL) as G(t) would be included in
other yearly variations in the negative polarity period and
also might be submerged even in the positive period. As the
averaged magnitude of the humps for X = S3, S2, S, E3,
E2, E , SW, SE and V measured from the bottom to the top
is ∼0.023%, the highest limit of H(t) in the ALL period is
given by ∼0.011% in the MI-region.
The energy spectrum of T (t) has been determined by
using the data of the muon telescopes at Nagoya in the
previous section. The spectrum can be obtained also by
using T (X, AP)s for X = NM, NAG and SAK in wide
energy regions. Figure 15 shows the energy dependence
of their magnitudes. Two of them, shown by black points,
are quoted from Ref. 2 for X = SAK and from Ref. 3
for X = NM, while T (NAG, AP) is substituted by I (NAG,
AP) in Fig. 14, which does not contain any remarkable
H(t) as also seen in i(S, AP, Z)s of Fig. 3. The energy-
dependence of the magnitudes at Nagoya and Sakashita can
be explained by T -anisotropy just outside the GMS with the
energy spectrum in Eq. (1) having η0  0.43% and γ0 
−0.45, which almost coincides with that (η0  0.36%, γ 
−0.5) derived from the ﬁrst harmonic vectors of I (X, AP)s
in Fig. 8 (cf. Ref. 4). This spectrum produces the expected
magnitudes of T (t)s of the neutron monitor and the muon
telescope (Em = 184 GeV) at Hobart (HOB) shown by
open circles on the graph (cf. Yasue et al., 1982 and Ref.
4). The value at Hobart is presented for reference, though
the corresponding observed value in the AP period is not
reported at present. The value for the neutron component
is considerably larger than the observation. This difference
could be resolved if the spectrum has a low cut-off energy
(ET C) at ∼9 GeV below which the T -ﬂux becomes zero.
Such an energy spectrum with ET C would be produced by
solar modulation of the original spectrum with γ = −1.0
that is supposed to be caused by cosmic-ray acceleration
on the boundary of HMS. In the ALL-period, on the other
hand, the magnitudes of T (X, ALL)s in Fig. 14 are plotted
by the cross marks in Fig. 15. The magnitude of T (HOB,
ALL) observed at Hobart (Jacklyn, 1986; Ref. 1) is also
shown. These data show the rising spectrum of T (X, ALL)
with energy in accordance with that obtained in Ref. 1. The
spectrum change from the AP to ALL period is due to the
increase of the contamination of H(X, Y )s in the Y = AP
period with a decrease of energy.
The energy spectrum of H -anisotropy is not certain ow-
ing to the domination of T (t) over H(t). As can be seen in
I (X, Y = AP)s, H(t) is so small as to be undistinguishable
in I (NM, Y = AP)s and also almost negligible in I (SAK, Y
= AP)s even if it were to exist. On the contrary, H(t) in
I (NAG, Y = AP) is approximately comparable with T (t).
These facts indicate that the energy spectrum is not of a
simple power type, but must have a low cut-off energy EHC
greater than ET C or a maximum in the energy region around
∼60 GeV. The cause of such a spectral difference between
H - and T -anisotropies is not certain but would be expected
to be due to the difference of the acceleration mechanisms
of the cosmic rays on the helionose and heliotail boundaries
(cf. Ref. 3).
The right ascensions of the directions of H - and T -
anisotropies are ∼18 and ∼6 hr, respectively, on the average
but they are variable in time as can be seen in Figs. 3, 4 and
8. The declinations of their directions also would be vari-
able, but their averaged δH and δT are estimated to be posi-
tive and negative respectively on the basis of the following
facts as previously pointed out.
1) In Southern high latitudes, the ion chamber at
Christchurch (λ = 44◦ S) and the underground muon tele-
scope at Hobart (λ = 43◦ S) cannot observe H(t) but T (t),
(cf. Fig. 1 and Jacklyn, 1986).
2) Imax(X, Y )s in Y = QP and N period in Fig. 6 in-
dicate that the latitude distributions of H(t) and T (t) have
their maxima in the Northern and Southern Hemispheres,
respectively, and the declination (δH ) of H -anisotropy is
estimated at 14◦ ∼ 17◦.
3) The latitude distribution of H(t) in i(X, AP, 1991)s in
Fig. 7 shows that δH of H -anisotropy is 24◦ ∼ 41◦.
4) In the positive (P) period, I (GOD, P) and I (YAK,
P) in and close to the Arctic Circle show the maximum
phase (∼18 hr) of H(t) contrary to that (∼6 hr) of T (t)
dominating in the Southern hemisphere (cf. Figs. 12 and
13).
These facts support the previous conclusion in Ref. 1 that
the major axis (αM = 18 hr, δM = 24◦) of HMS in the nose-
ward direction expected from T -anisotropy approximately
coincides with that inferred from the direction (αP = 18
hr, δP = 29.2◦) of the proper motion of the solar system
(Campbel and Moore, 1928), but does not coincide with
that (αN = 16.8 hr, δN = −15◦ ∼ −17◦) inferred from












Fig. 16. Solar modulation of the galactic anisotropy, G(NAG, N) at
Nagoya in N period observed (•) and simulated (◦). G(SAK, N) at
Sakashita (SW-telescope) in the N period observed (×) and simulated
(◦). G(NOR, ALL) observed with air showers at Mt. Norikura (•) in
ALL period. G(SAK, P) at Sakashita (SW-telescope) in the P period
observed (×) and simulated (◦). Horizontal line through G(NOR, ALL)
expresses the constant energy spectrum of the anisotropy.
the relative motion of the solar system to the neutral gas
(McClintock et al., 1978; Ajello, 1978).
The galactic anisotropy is obtained by the comparison of
G(t)s with those derived from the simulation of its solar
modulation in HMS. The simulation depends on the fol-
lowing factors; the energy spectrum of the anisotropy, the
cosmic-ray deﬂection in the ordered heliomagnetic ﬁeld (cf.
Nagashima et al., 1981b, 1982, 1983), the cosmic-ray scat-
tering mean free path in the irregular ﬁeld superposed on
the ordered magnetic ﬁeld (cf. Yasue et al., 1985), and the
cosmic-ray deﬂection in GMS and attenuation in the at-
mosphere (cf. Ref. 4). The black circles in Fig. 16 shows
observed G(t)s as a function of the median energy. The
one (∼0.03%) on the left side is the average (∼0.06%×6
years/12 years) at Nagoya (Em  110 GeV) in the N pe-
riod only, during which G(t) is considered to be observed
at the station, and the other (∼0.065%) at the center is the
average observed with SW-telescope (Em  336 GeV) at
Sakashita in the N period (cf. Ref. 2). The black circle
on the right side is that (0.14%) observed with air show-
ers (Em  2·104 GeV) at Mt. Norikura (λ = 36◦ N,
φ = 138◦E) in ALL period, which is almost independent
of the solar modulation and is statistically well founded (cf.
Nagashima et al., 1989). Two open circles connected with a
solid line in Fig. 16 express the simulated G(t)s at Nagoya
and Sakashita in N period normalized to G(NOR, ALL),
which are obtained on the assumption that the anisotropy
has a constant energy spectrum, as shown by the horizontal
line through the point (0.14%), (cf. Ref. 3). There are good
coincidences between the observed and expected variations
at these two stations in the N period. In addition to this,
G(SAK, P) observed with the SW-telescope at Sakashita in
the P period and shown by the cross mark in Fig. 16 al-
most coincides with the simulation shown by open circle
(cf. Refs. 2 and 3). Although the observations and the sim-
ulations contain, respectively, some uncertainties especially
in the estimate of the cosmic-ray scattering mean free path
(cf. Yasue et al., 1985), their coincidences indicate that the
anisotropy would be almost constant in the energy region of
102 ∼ 104 GeV.
8. Conclusion
The three kinds of cosmic-ray sidereal anisotropies called
the galactic, helionose-in and heliotail-in anisotropies have
been found by the analysis of cosmic-ray sidereal daily
variations derived from the long-term observations with
the muon telescopes at Nagoya and with the ion cham-
bers at Godhavn, Yakutsk, Cheltenham, Huancayo and
Christchurch in the energy regions (60∼100 GeV). The
characteristics of the anisotropies have been determined
in cooperation with the results observed with the neutron
monitors in the low energies (∼20 GeV) and with the
underground muon telescopes in the high energy regions
(∼200∼700 GeV). The heliotail-in anisotropy is observable
in all the energy regions (20∼700 GeV), the helionose-in
anisotropy in the low and middle energy regions (20∼100
GeV), and the galactic anisotropy is observable in the mid-
dle and high energy regions (60∼700 GeV).
The galactic anisotropy is subjected to solar modula-
tion and produces a sidereal daily variation larger in the
negative-polarity state than in the positive state at Nagoya
and Sakashita, showing substantial agreement with the sim-
ulation. On the basis of the simulation, the sidereal daily
variations observed at Nagoya, Sakashita and Mt. Norikura
indicate that the galactic anisotropy has a constant magni-
tude of ∼0.14% in the energy regions from ∼60 to ∼104
GeV.
The anisotropies of helioboundary origin observed just
outside GMS are variable in their magnitude, direction and
energy spectrum, suggesting that the cosmic-ray accelera-
tion is considered to change its activity and its location on
the helioboundary surface from time to time, and the ac-
celerated ﬂuxes are subject to variable solar modulation de-
pending on the solar activity and the polarity state of the
solar magnetic ﬁeld. The average right ascension of the
helionose-in and heliotail-in anisotropies are ∼18 and ∼6
hr respectively. The average declinations cannot be deﬁ-
nitely speciﬁed but are positive for the nose-in anisotropy
and negative for the tail-in anisotropy. This is in favor of
the previous conclusion that the major axis (αM = 18 hr,
δM = 24◦) of HMS in the noseward direction expected
from the heliotail-in anisotropy does not coincide with that
(αN = 16.8 hr, δN = −15◦ ∼ −17◦) inferred from the
relative motion of solar system to the neutral gas but ap-
proximately coincides with that (αP = 18 hr, δP = 29.2◦)
inferred from the proper motion of solar system. The en-
ergy spectrum of the average heliotail-in anisotropy is of the
power-exponent type with γ0  −0.45 ∼ −0.5 and with
the low cut-off energy (ET C ) at ∼9 GeV, whereas that of
the helionose-in anisotropy is also of power-exponent type
with negative γ but with the low cut-off energy EHC greater
than ET C or has a peak in the energy region of ∼60 GeV.
Finally, solar modulation of the cosmic-ray sidereal daily
variation of helioboundary origin would provide important
information as to the cosmic-ray acceleration mechanism
and the propagation of the accelerated ﬂuxes in HMS. One
of the most important ﬁndings is the predominance of the
heliotail-in anisotropy in the AP period (Active period of
solar cycle in Positive polarity state), which suggests that
the cosmic rays are most actively accelerated on the polar
region (|λ| >> 0◦) of the cylindrical surface of the helio-
1498 K. NAGASHIMA AND Z. FUJII: COSMIC-RAY ANISOTROPIES OF GALACTIC, HELIO-NOSE AND TAIL ORIGINS
tail boundary, especially in the active period, and that they
arrive at the Earth only in the positive polarity state.
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